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The herpesviruses are a family of large DNA viruses capable of establishing lifelong infec-
tions. Recent reports have shown that herpesviruses package non-coding RNA into virions;
this follows earlier observations showing that coding RNAs are detected in virions. Pack-
aging RNAs allows for their function immediately after virus entry and in the absence of de
novo transcription. Despite the collective understanding that RNAs are packaged into her-
pesvirus virions, many questions remain.This review will highlight what is known regarding
packaged coding and non-coding RNAs and discuss their potential impact to virus biology.
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Herpesviruses (family Herpesviridae) are large double-stranded
DNA viruses widely dispersed in nature (Pellet and Roiz-
man, 2007). They are implicated in many human diseases and
are divided into three subfamilies: alpha, beta, and gamma-
herpesviruses. All three subfamilies share similar characteristics
based on the structure of the virion and their ability to maintain
a latent state for the life of the host with the potential for period
reactivation (Pellet and Roizman, 2007). Herpesviruses have (i) a
lipid bilayer envelope decorated with virus-encoded glycoproteins
surrounding (ii) a proteinaceous tegument that encases (iii) an
icosahedral capsid and (iv) a core with the DNA genome (Pel-
let and Roizman, 2007). Figure 1 shows a cartoon diagram of a
prototypic herpesvirus virion. They differ by their host species, tis-
sue tropism, and pathogenicity. Alphaherpesviruses, for example
the prototypic herpes simplex virus (HSV), have short repli-
cation cycles and a propensity to establish latency in sensory
ganglia. Betaherpesviruses, for example human cytomegalovirus
(HCMV), have a slow replication cycle, establish latency in leuko-
cytes and endothelial cells, and have a restricted host range. Finally,
gammaherpesviruses, for example Kaposi’s sarcoma associated
herpesvirus (KSHV), replicate in cells of the immune system and
establish latency in lymphoid tissue (Pellet and Roizman, 2007).
Non-coding RNAs play important roles in herpesvirus biol-
ogy. These include longer RNA molecules such as the HSV
latency-associated transcript, herpesvirus saimiri URNAs,murine
gamma-herpesvirus 68 (MHV-68) viral tRNA-likemolecules (vtR-
NAs), and virus-encoded microRNAs (miRNAs). Many of these
non-coding RNAs are expressed at high levels and have been found
in both lytic and latent infections. Despite substantial interest, the
functions of many of the herpesvirus non-coding RNAs are not
well deﬁned. Following the observation that mRNAs are packaged
into herpesvirus virions (Bresnahan and Shenk, 2000;Greijer et al.,
2000; Sciortino et al., 2001, 2002; Terhune et al., 2004; Bechtel et al.,
2005), recent reports have found evidence that non-coding RNAs
are also incorporated into virions (Cliffe et al., 2009; Amen and
Grifﬁths, 2011). These observations suggest a potential role for
non-coding RNAs in herpesvirus biology. In this review we will
describe what is known about packaged coding and non-coding
RNAs and discuss the potential impact of these RNAs to virus
biology.
HOW ARE THE NON-CODING RNAs PACKAGED INTO VIRUS
PARTICLES?
In 2000, the discovery of coding RNAs packaged into herpesvirus
virions provided convincing evidence that virions of herpesviruses
included more than just lipid, genomic DNA, and viral proteins
(Bresnahan and Shenk, 2000; Greijer et al., 2000). And by 2009,
it was evident that non-coding RNAs were also being packaged
(Cliffe et al., 2009; Amen and Grifﬁths, 2011).While there appears
to be agreement in the ﬁeld that coding and non-coding RNAs
are indeed packaged and not an artifact of virion preparation,
there is disagreement regarding the selectivity (sequence depen-
dent vs. sequence independent) of the RNA packaging. In the ﬁrst
report describing viral transcripts packaged into HCMV parti-
cles, Bresnahan and Shenk (2000) determined that the mRNAs
associated with virions were not random; rather, a speciﬁc subset
of mRNAs appeared to be preferentially associated with virions.
Further studies examining the mechanism of RNA incorporation
into HCMV virions provided evidence that both cellular and viral
transcripts are packaged proportionally to their abundance in the
cell (Terhune et al., 2004). It was concluded that RNA packag-
ing is probably mediated through non-speciﬁc interactions with
proteins found within the HCMV infectious particle (Terhune
et al., 2004). Similarly, Greijer et al. (2000) proposed that the viral
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and cellular mRNA molecules present are incorporated via a non-
selective process based on the cellular location of assembly of the
HCMVparticles.However, there are exceptions. For example,HSV
RNAs present in the virions were not uniformly the most abun-
dantRNAspresent in infected cells at the timeof harvest (Sciortino
et al., 2001). The viral RNAsdetected inKSHVvirionswere present
in the cell at a range of abundances suggesting a selective process
of packaging (Bechtel et al., 2005). It was also demonstrated that
non-coding RNAs were selectively packaged within the MHV-68
virion. Here, non-coding small RNAs were not packaged in pro-
portion to their cellular abundance (Cliffe et al., 2009). It was
suggested that the viral non-coding RNAs are selectively packaged
by binding to RNA-binding proteins, in a similar manner to the
way viruses with RNA genomes package their genetic material.
However, the non-coding RNAs may also be bound to comple-
mentary RNA species that are also packaged. Similarly, in herpes B
virus (BV), a close relative of HSV, several miRNAs were present in
puriﬁed virions (Amen and Grifﬁths, 2011). While these miRNAs
represented some of themore abundant BV-encodedmiRNAs,not
all of the abundant viral miRNAs were packaged.
Interestingly, the packaged BV-encoded miRNAs were demon-
strated to belong to more than one kinetic class. Brieﬂy, the
program of herpes viral transcription is as follows: upon infec-
tion the virion enters the cell and is transported to the cell
nucleus. There, the genome self-circularizes, and the viral genes
are transcribed by host RNA polymerases in a cascade-like fash-
ion: immediate-early, early, and late (Figure 2; Pellet and Roizman,
2007). The ﬁrst are the immediate-early (α) genes that require
no prior viral protein synthesis and regulate viral and cell gene
expression. The immediate-early genes transactivate early gene
expression (β), which are involved with viral DNA synthesis and
FIGURE 1 | Schematic of herpesvirus virion.The herpesvirus virion is
composed of an icosahedral capsid containing the double-stranded DNA
genome, a lipid envelope decorated with virally encoded glycoproteins, and
a layer ﬁlled with proteins termed the tegument which resides between the
capsid and the envelope. The likely sites for packaged coding and
non-coding RNAs are the tegument and the capsid. There is evidence for
RNA–protein interactions in the tegument, but it is unclear whether all
packaged RNAs interact with tegument proteins. Although it is possible, we
are unaware of evidence for protein–RNA interactions in the nucleus, or
RNA–RNA interactions in either the nucleus or tegument.
genome replication. The leaky-late (γ1) genes are transcribed after
the onset of viral DNA synthesis, while the true late (γ2) genes are
dependent on viral DNA synthesis. These genes are mostly struc-
tural and include the envelope glycoproteins and capsid proteins.
Packaging of miRNAs from multiple kinetic classes strengthens
the hypothesis that the RNAs are selectively packaged in infected
cells during the process of viral maturation. Of the nine HSV
RNAs reproducibly found in virion preparations, one was an α-
RNA, one was an β-RNA, and the rest were γ-RNAs (Sciortino
et al., 2001). Therefore, it was noted that the most abundant class
of transcripts (true late and leaky-late) present during envelop-
ment do not represent the only kinetic class of RNAs packaged in
herpesvirus virions (Sciortino et al., 2001).
The observations from studies of HSV, BV, KSHV, and MHV-
68 all point to a selective mechanism of packaging based on the
various expression levels within infected cells. However, these
viruses represent only alpha- and gamma-herpesviruses. There-
fore, the selectivity of coding and non-coding RNAs packaged
in the virions may be family dependent. Nevertheless, the the-
ory that RNA is selectively packaged is complicated by evidence
showing that a large number of cellular RNAs are also packaged
(Greijer et al., 2000; Sciortino et al., 2001; Terhune et al., 2004;
Amen and Grifﬁths, 2011; Amen and Grifﬁths, unpublished data).
It is possible that while viruses are selective for their own viral
transcripts, the levels of cellular transcripts may “overwhelm” the
virus’ selective ability and these transcriptsmay be non-speciﬁcally
incorporated. Alternatively, the incorporation of speciﬁc cellular
transcripts along with important viral transcripts may be func-
tional. Indeed, the virus may regulate the relative levels of RNAs
present during the assembly phase of the replication cycle to con-
trol the level of packaged RNA. The coding and non-coding RNA
species, packaged selectively or not, may still have a biological
role in herpesvirus pathogenesis. However, the details concerning
selective vs. non-selective incorporation of RNAs into herpesvirus
virions remains elusive and must be explored further. In addi-
tion next generation sequencing technologies will be required to
determine all of the RNAs that are packaged.
FIGURE 2 | Cascade of herpesvirus gene expression. Herpesvirus genes
are expressed in a coordinated temporal cascade: immediate early (α), early
(β). There are two subclasses of late gene expression that have been
deﬁned, although they are expressed concurrently: leaky-late (γ1) is not
dependent on DNA synthesis, and true late (γ2) is dependent on DNA
synthesis. Packaging of RNAs in the virion allows immediate expression
upon virus entry in the absence of transcription, and thus adds an additional
element in the highly regulated cascade of gene expression of
herpesviruses.
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WHERE ARE THE RNAs LOCATED IN THE VIRION?
The location of the non-coding and coding RNAs in the virion has
been debated since they were ﬁrst discovered, and there remains
some uncertainty. This may be a consequence of any contro-
versy that remains regarding the different models of herpesvirus
virion assembly and egress, or the complexity of the herpesvirus
virion, which comprises more than 30 viral proteins, most with
unknown function (Mettenleiter et al., 2006; Pellet and Roizman,
2007). Herpesvirus egress has mostly been studied in alphaher-
pesviruses, but it is becoming apparent that beta- and gamma
herpesviruses use similar mechanisms, although certain distinc-
tions are emerging and different questions remain (Johnson and
Baines, 2011). The process of envelopment and egress remains an
active area of study (e.g., Campadelli-Fiume et al., 2006; Metten-
leiter and Minson, 2006; Mettenleiter et al., 2009; Johnson and
Baines, 2011). There are substantial genetic and biochemical data
that support a mechanism of primary envelopment in the perin-
uclear space, followed by de-envelopment in the cytoplasm and
subsequent re-envelopment in cytoplasmic membrane compart-
ments (Mettenleiter and Minson, 2006; Pellet and Roizman, 2007;
Mettenleiter et al., 2009; Johnson and Baines, 2011). An alternative
model involves the dilation of nuclear pores whereby the capsid
gains access into the cytoplasm, followed by envelopment in the
Golgi compartment (Mettenleiter andMinson, 2006; Mettenleiter
et al., 2006). The packaging of coding and non-coding RNAs into
virions is compatible with all models; however, the physical loca-
tion of the RNA in the virion could be different depending on
the model. It is thought that RNAs most likely reside inside the
capsid or in the tegument (Figure 1); although these locations are
not mutually exclusive, association with the tegument is currently
favored.
There are several observations that suggest that the tegument
is the likely location for packaged RNAs. The tegument fraction
of herpesvirus particles is complex, composed of many proteins
acquired from the cytoplasm and nucleus of the infected cell
and can be divided into inner and outer layers (Figure 1; John-
son and Baines, 2011). The inner tegument proteins of HCMV
and HSV are intimately associated with the capsid. Furthermore,
these proteins pellet with capsids after extraction with non-ionic
detergents (Johnson and Baines, 2011) making it difﬁcult to deter-
mine the exact location of the packaged RNAs. Of the known
20–35 tegument proteins in HSV and HCMV respectively (Var-
num et al., 2004; Kalejta, 2008; Kelly et al., 2009; Johnson and
Baines, 2011), several have been shown to have RNA-binding
activity (Sciortino et al., 2002; Terhune et al., 2004). Three HSV
tegument proteins have been shown to bind RNA in vitro and
in the context of infected cells (Sciortino et al., 2002). Moreover,
one of those proteins was shown to mediate the transfer of the
RNA between cells (Sciortino et al., 2002). It has been suggested
that these tegument protein–RNA interactions may be important
for organizing the structure of the tegument domain and will be
discussed below. In addition to infectious particles, other par-
ticle types including dense bodies and non-infectious particles
have been shown to package RNA (Terhune et al., 2004). Dense
bodies lack a nucleocapsid, are formed within the cytoplasm of
infected cells, and are predominantly composed of tegument pro-
teins (Stinski, 1976). The observation that dense bodies contain
packaged RNA supports the notion that transcripts are acquired
within the cytoplasm and are located within the viral tegument.
Greijer et al. (2000) identiﬁed cellular and viral RNAs in the
tegument and viral RNAs in the capsid. It was suggested that in
the process of enveloping the tegument-coated nucleocapsid in
the cytoplasm, cytoplasmic ﬂuid may be enclosed where a high
concentration of RNA from viral and cellular origin is present.
However, the purity of the capsid preparations was not tested.
They prepared capsids by extraction of virion preparations with
Triton-X-100 only, a method which has been shown to not strip
tegument proteins or even fully remove glycoproteins (Sciortino
et al., 2001; Yu et al., 2005). In sum, while the possibility that cod-
ing andnon-codingRNAs packaged in capsids cannot be excluded,
the majority of the data suggest that they are associated with the
tegument.
WHAT ARE THE FUNCTIONS OF PACKAGED NON-CODING
RNAs?
The presence of packaged RNAs in the virion suggests an impor-
tance early in infection, as it would permit the RNAs to function
prior to the onset of the viral transcription program. During acute
replication, the virus modiﬁes the cellular environment to favor
infection in several ways, including suppression of the activated
host response. Studies of the HCMV UL21.5 mRNA revealed that
the packaging of this transcript may be important for modifying
the antiviral response before viral transcription occurs (Bresna-
han and Shenk, 2000). Following the incorporation into the newly
infected cell, the UL21.5 transcript is translated into a protein
that is localized to the endoplasmic reticulum and Golgi network.
This protein then functions as a viral chemokine decoy receptor
speciﬁcally interacting with the RANTES chemokine and thereby
modulates the host cell response upon infection. Presumably, if
the mature protein was incorporated into the virion, that pro-
tein would lack the proper signal sequence and not localize to
the correct cellular compartment. This CMV-packaged RNA can
therefore potentiallymodify the cellular response before viral tran-
scription occurs. A number of other virion RNAs delivered into
the cell are translated (Bresnahan and Shenk, 2000; Sciortino et al.,
2001; Bechtel et al., 2005). ForKSHV, the protein products of pack-
aged RNAs are antiapoptotic, immunomodulatory, and involved
in cellular signal transduction both in the infected cell and the
surrounding cells (Bechtel et al., 2005).
Alternatively, the view of packaged RNAs non-selectively incor-
porated into virionsmay bemore consistentwith the idea that they
have no role in early viral replication. Rather, theymay simply be a
result of their local abundance at the time of envelopment. How-
ever, it is also possible to imagine that non-selectively incorporated
RNAs are serving a purpose. As alluded to earlier, the virus may
modulate the relative levels of packaged RNAs by controlling the
level of each RNA during envelopment. It is possible that the virus
manipulates these levels because the RNAs play a structural role in
herpesvirus assembly. Studies in retroviruses suggest that the viral
RNA genome and non-speciﬁcally incorporated cellular RNAs are
critical for virus assembly and particle integrity (Muriaux et al.,
2001; Wang and Aldovini, 2002). Perhaps the contribution of the
packaged RNAs is to organize the tegument proteins to the tegu-
ment domain as suggested with RNA-binding proteins located in
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the tegument (Sciortino et al., 2002). Furthermore, packaged low-
molecular-weight RNAs such as MHV-68 vtRNAs may be impor-
tant for virion assembly and structure as seen with retroviruses
in which tRNAs and other small cellular RNAs are important for
particle assembly and integrity (Muriaux et al., 2001).
MiRNAs have recently emerged as regulators of gene expres-
sion post-transcriptionally by regulating mRNA translation or
stability in the cytoplasm and there is mounting evidence that
virus-encoded miRNAs may be important for virus pathogenesis
(Boss et al., 2009). While the experimentally determined targets
remains modest, herpesvirus miRNAs have been shown to regu-
late fundamental viral and cellular processes including immune
evasion, cell survival and proliferation, and key steps in the her-
pesvirus life cycle such as latency and the switch from latent to lytic
replication (Grey et al., 2007, 2008; Stern-Ginossar et al., 2007;
Choy et al., 2008; Murphy et al., 2008; Tang et al., 2008, 2009;
Umbach et al., 2008). Deep sequencing revealed 13 BV-encoded
miRNAs (Amen and Grifﬁths, 2011) in addition to three others
previously reported (Besecker et al., 2009). To understand the role
of BV-encoded miRNAs throughout infection, their expression
was analyzed using pharmacological agents (Amen and Grifﬁths,
2011). Five BV-encodedmiRNAs were detected from cells infected
in the presence of actinomycin D, an inhibitor of transcription,
thereby suggesting thatmiRNAswere packaged into virions. In the
case of BV, the incorporationof viralmiRNAs into virionsmay reg-
ulate viral and/or cellular mRNA expression in order for the virus
to establish a productive infection in a timely manner due to the
short replication cycles of alphaherpesviruses (Amen andGrifﬁths,
2011). It will be interesting to see if this is a unique property of BV,
or whether other herpesviruses incorporate miRNAs into virions.
As stated above, herpesviruses regulate their gene expression in a
coordinated cascade. The presence of RNAs in the virion adds an
additional step to what we recognize as the cascade of gene expres-
sion, as they are introduced to infected cells in the absence of viral
gene transcription (Figure 2). Further work is underway to deter-
mine the importance of these packagedmiRNAs to virus infection.
CONCLUSION
The observation that codingRNAswere packaged into herpesvirus
virions over 10 years ago provides an excellent basis for the study
of packaged non-coding RNAs. While it is collectively under-
stood that RNAs are packaged into herpesvirus virions, there is
debate concerningwhere they are localized and,more importantly,
whether they have a role during viral infection. To determine the
function of packaged mRNAs, researchers have employed in vitro
translation studies as well as the isolation of their encoded proteins
from infected cells (Bresnahan and Shenk, 2000; Sciortino et al.,
2001, 2002; Bechtel et al., 2005). However, given that non-coding
RNAs do not encode proteins, their functions early during infec-
tion may be more difﬁcult to identify. It is likely that non-coding
RNAswill need to have a known function before the importance of
virion incorporation can be determined. Unfortunately, although
this is an area of intense research the functions of most viral non-
coding RNAs (miRNAs, etc.) are still unknown. On the positive
side, studying the function of packaged non-coding RNAs can be
imagined as an easier task especially in knockout studies given
that non-coding RNAs commonly have more modest effects that
would allow a (at least partially viable) virus to be engineered. It
may even be possible that the coding RNA ﬁeld can gain insight
into the function of packaged RNAs from the non-coding RNA
ﬁeld. Lastly, it is possible that packagednon-genomicRNAsplay an
important role in the biology of viruses other than herpesviruses
and we believe that this topic deserves further study.
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